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In-situ neutron diffraction measurements of plane specific elastic lattice strains were made during a
tensile test of an aluminum 2 pct magnesium alloy. The macroscopic response exhibited a serrated
flow curve, evidence of dynamic strain aging. The neutron results are compared to calculations using
a self-consistent polycrystal deformation model. The relatively poor agreement with the measured
data may suggest that the model has limitations with respect to face-centered cubic (fcc) alloys with
low elastic anisotropy.

I. INTRODUCTION instrument. The procedure for in-situ loading experiments
is outlined elsewhere.[8]

THE residual strain state in aluminum and aluminum
The material under study was a cast aluminum 2 pctalloys has previously been studied using neutron diffraction

magnesium alloy that was annealed at 400 8C for 15 minutesmeasurements[1,2,3] and also during loading.[4,5,6] In the pres-
prior to the in-situ neutron diffraction measurements. Theent work, the development of lattice strains for eight reflec-
average grain size was 112 mm and the grains were fairlytions, both parallel and perpendicular to the tensile axis, are
equiaxed, as seen in the optical micrograph in Figure 1.reported for tensile testing of an aluminum 2 pct magnesium
During the neutron diffraction measurements, lattice planealloy. The chemical composition of the material is given in
spacings were measured parallel and perpendicular to theTable I.
tensile axis using detector banks at 6 90 deg to the incidentThe data were obtained using pulsed neutrons and the
beam. Each detector subtends 11 deg 2u over which thetime-of-flight technique, thus lattice spacings for multiple
diffracted data are integrated, corresponding to an “average”reflections were readily available. Results are reported for
in the strain direction of 6 5.5 deg.the unique (i.e. excluding second order, unresolved and over-

The sample, a threaded end ASTM standard specimen,[9]lapping reflections) reflections up to the 531 reflection,
was held at constant stress for up to 3 hours at a series ofwhich is the first reflection with lowest possible symmetry
static tensile loads, while neutron measurements were made.in the face-centered cubic (fcc) lattice. The procedure is
The macroscopic response is shown in Figure 2. The verticaldescribed in more detail in Reference 7 for an investigation

of lattice strain development in an austenitic stainless steel. steps in the measured stress-strain curve are elastic loading
In contrast to stainless steel, aluminum is highly isotropic followed by increments of plastic deformation (horizontal

in its elastic response (2C44/(C11 2 C12) 5 1.22 for aluminum steps). This behavior is indicativeof DSA. During the elastic
compared to 3.21 for stainless steel), thus the spread between loading, dislocations are arrested by the magnesium atoms
reflections is expected to be much smaller than in stainless in the aluminum lattice. The plastic relaxation occurs when
steel, at least in the elastic region. The accuracy of a neutron the driving force for the dislocations becomes larger than
diffraction strain measurement is generally about 6 50 m« a given threshold and the dislocations can move past the
(microstrain or 1026 strain) and the elastic strain at yield in magnesium atoms.[10] No DSA was observed during the
our earlier work on commercially pure aluminum[4] was holds while the diffraction data were collected.The measure-
about 250 m« yielding an accuracy of about 6 20 pct of the ments were performed under load control. Even at room
elastic strain at yield. In an attempt to improve our strain temperature, some relaxation was observed during the neu-
resolution with regard to the yield strain, we opted to use tron measurements, but by using a constant stress (load) on
an aluminum alloy (2 pct Mg) that exhibits an elastic strain the sample, the lattice spacing should remain constant during
before yield of about 500 m«. However, as described in the measurement.
Section II, the introduction of magnesium in the aluminum Lattice strains as a function of applied load are reported
lattice resulted in dynamic strain aging (DSA). for directions parallel and perpendicular to the tensile axis

from the measurements (Figure 3) and from the self-consis-
tent model calculations (Figure 4). The quoted stresses andII. EXPERIMENTAL PROCEDURE
strains are relative to a nominal load of 5 MPa (used to hold

The neutron diffraction measurements were made at the the sample in position).Starting from a nominal tensile stress
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Table I. Chemical Composition (Weight Percent) of the Aluminum 2 Percent Magnesium Alloy

Fe Si Cu Mn Cr Ti Mg

Aluminum 2 pct magnesium ,0.001 ,0.005 ,0.002 ,0.001 ,0.005 0.011 2.04

Fig. 1—Micrograph from a cross section of the aluminum alloy taken after
the tensile test. The sample was prepared for optical microscopy by etching
with Tuckers regent (15 mL HF, 45 mL HCl, 5 mL HNO3, and 25 mL H2O).

Fig. 3—Measured elastic lattice strains parallel and perpendicular to the
tensile axis vs the applied stress. To illustrate the quality of the data, data
points and error bars are shown for the 420 reflection parallel to the tensile
axis. Smooth fits are shown for all other reflections. The horizontal dotted
line shows the s0.2 pct yield limit.

Fig. 2—Measured and calculated macroscopic stress-strain curves for the
aluminum 2 pct magnesium alloy. The symbols indicate the load levels for
the neutron diffraction measurements. The horizontal dotted line shows the
s0.2 pct yield limit.

for the measurements are also indicated for the 420 reflection
in Figure 3.

III. SELF-CONSISTENT POLYCRYSTAL
DEFORMATION MODEL

Fig. 4—Calculated elastic strains parallel and perpendicular to the tensile
The model used to calculate the elastic lattice strain axis vs the applied stress. The horizontal dotted line shows the s0.2 pct

yield limit.response for grain subsets represented by the reflections in
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the neutron measurements is based on the Hill–Hutchinson yield limit is surprisingly high. Pang et al.[5] found the elastic
anisotropy of an Al7050 alloy to be much closer to the valueelastic-plastic self-consistent polycrystal deformation

model.[11,12,13] In the model, the grains are regarded as ellip- expected. This indicates that the 2 pct magnesium in solution
mighthave altered the elastic constantsof the alloy comparedsoidal inclusions in a matrix with the integrated properties

of the polycrystal. Plasticity is introduced as slip on the to the pure aluminum. The calculated Young’s modulus,
assuming the single-crystal stiffnesses of pure aluminum, is{111} ^110& slip systems in the fcc lattice. Using the initial

critical resolved shear stress and hardening parameters, the 71 GPa, which is consistent with the literature values.[15]

However, the measured macroscopic Young’s modulus wasmodel’s macroscopic response is fitted to the measured mac-
roscopic stress-strain curve obtained during the in-situ ten- 62 GPa, which is on the low side for aluminum alloys;

this could, perhaps, indicate a disparity in the single-crystalsile test, as seen in Figure 2. Implementation of the modeling
scheme and hardening law and general comparisons between elastic constants compared to those of pure aluminum used

in the model. In the plastic regime, the development of thethe model and neutron diffraction measurements are
described in Reference 14. In the model, a set of discrete anisotropy is poorly predicted by the model. However, the

shift for the 111 reflection from being the stiffest to beinggrains, regarded as single crystals, is subjected to a far-field
stress, and the resulting local stress and strain states for the softest parallel to the loading axis and vice versa perpen-

dicular to the loading axis is seen in the model predictions,individualgrains are iteratively determined. The calculations
assumed a random texture, which is consistentwith measure- but not at the same load levels as in the measurements.

Similar discrepancies above the s0.2 pct yield limit were alsoments on the sample. By extracting the elastic strains for
grain sets that correspond to the reflections in the measure- observed in Reference 6 for commercially pure aluminum.

However, for other fcc materials with higher elastic anisot-ments, it is possible to compare the model predictions with
the measured micromechanical response. ropy, e.g., austenitic stainless steel and copper, [7,16] compari-

sons between model and measurements showed much
better agreement.

IV. RESULTS There are a number of possible explanationsfor the dispar-
ity between the model and measurements, as noted pre-The measured lattice strain evolution with applied load
viously. The single-crystal elastic constants used in theis shown in Figure 3. Data were recorded at ,20 MPa
model are for pure aluminum and the added 2 pct magnesiumintervals, as illustrated for the 420 reflection parallel to the
might have influenced their values. Prior plastic deformationtensile axis. For clarity, the symbols are omitted for the other
of the material could have introduced residual stresses thatreflections and smooth line fits are displayed.The plot shows
can cause microyielding below the s0.2 pct yield limit. How-strains both parallel (positive) and perpendicular (negative)
ever, the most obvious source of ambiguity is the evidenceto the tensile axis. Parallel to the tensile axis, the spread in
of DSA. None of the previous neutron diffraction studieselastic strain is ,320 m« by the time the s0.2 pct yield limit
on aluminum or aluminum alloys have reported evidence ofis reached. At or close to the s0.2 pct yield limit, inflections
DSA, and the results for Al7050 alloy[5] and commerciallyfor most of the reflections are apparent; however, the 111
pure aluminum[6] show better agreement with model predic-reflection (shown in bold in Figure 3) crosses over the other
tions. Plastic deformation during DSA can fall under tworeflections and exhibits an inflectionat 80 MPa. The increase
categories: temporal or spatial.[17] In the temporal regimeof the spread between the reflections is fairly uniform in the
(low plastic strains), the deformation is spatially homoge-elastic and plastic regimes, and the reflections are fairly
neous, but temporally heterogeneous, while in the spatialevenly distributed. Perpendicular to the tensile axis, the
regime (highplastic strains), the deformation is both spatiallystrain anisotropy of the reflections is less pronounced.
and temporal heterogeneous. This was observed byIndeed, if the data for the 531 reflection are discounted (it
McCormick[10] for strain-controlled tensile loading andwas a weak peak with large errors), only the 200 reflection
Estrin et al.[17] for load-controlled tensile loading of a 6063shows any appreciable deflection from the response of the
Al-Mg-Si alloy. Assuming similar conditions in our caseother reflections.
would result in a spatial strain variation of about 0.1 pctPredicted elastic strains from the self-consistent model
within the neutron gage volume at 115 MPa.are shown in Figure 4. In contrast with the measurements,

In conclusion, the measurements on this system requireboth parallel and perpendicular to the tensile axis, the elastic
further examination to address the implications of the DSAanisotropy below the s0.2 pct yield limit is very small. Beyond
and to assess whether the single-crystal elastic constants usedthe s0.2 pct yield limit, the reflections parallel to the tensile
in the model are valid. Nevertheless, the results indicate thataxis exhibit a small strain anisotropy development, except
the self-consistent model (SCM) may have “problems” whenfor the 111 reflection, which shows a significant deviation.
the material has a low elastic anisotropy, i.e., the anisotropicAt the maximum load of 115 MPa, all but the 111 reflection
behavior is dominated by the plastic anisotropy alone. In theare within a band of 190 m«. Perpendicular to the tensile
self-consistent model, the plastic deformation is modeled asaxis, the predicted strain anisotropy beyond the s0.2 pct yield
multislipon the {111}^110& slip systems. The effect of interac-limit is notably larger than parallel to the tensile axis.
tion between the slip systems during multislip in a polycrystal
is not well documented, and in the present calculations, it is
simplified by using an isotropic hardening matrix.[14]

V. DISCUSSION AND CONCLUSIONS

The comparison between measured and predicted elastic
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